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To elucidate the processes controlling the emergence and spread of dengue-2 virus (DEN-2) we examined the evolution
of viral isolates sampled from both local (Viet Nam) and global populations. Our phylogenetic analysis, incorporating envelope
(E) glycoprotein sequences from 147 isolates of DEN-2, provided a more complete picture of viral diversity, with a newly
defined “Cosmopolitan” genotype having a near global distribution and two other genotypes restricted to Asia. By analyzing
rates of synonymous and nonsynonymous substitution we determined that genotypes have experienced different selection
pressures, with some evidence of positive selection in the Cosmopolitan genotype and one of the two Asian genotypes, but
that the transition from sylvatic to human transmission was not accompanied by adaptive evolution of the E gene. Although
there was no association between selection pressures acting on the E gene and proposed virulence differences among
genotypes, some putatively selected amino acid sites have previously been implicated in changing viral pathogenicity, most
notably E-390, and may also affect transmittability. These findings have implications for the future spread of DEN-2. © 2002INTRODUCTION
Dengue is a mosquito-borne RNA virus of the family
Flaviviridae that has emerged since World War II to be-
come the most important arthropod-borne viral infection
of humans. Its associated disease syndromes, dengue
fever (DF), dengue hemorrhagic fever (DHF), and dengue
shock syndrome (DSS), occur in over 100 countries, with
more than 2.5 billion people in the tropical and subtrop-
ical world living in areas at risk of infection. The virus and
its principal vector, the Aedes aegypti mosquito, are
endemic in the Eastern Mediterranean, the Americas,
Southeast Asia, and the Western Pacific. In 1998, 1.2
million cases of DF/DHF were reported to the World
Health Organization (WHO), with the estimated number
of infections each year exceeding 50 million (WHO,
1997).
Like most RNA viruses, dengue exhibits considerable
genetic diversity, not least in its existence as four anti-
genically distinct serotypes (DEN-1, -2, -3, and -4). There
1 Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. AF410345–
AF410379.
2 To whom reprint requests should be addressed at Department ofis also significant genetic variation within each serotype
(reviewed in Holmes and Burch, 2000). This is best char-
acterized in DEN-2 where studies of envelope (E) gene
sequences have revealed genetic variation on a global
scale (Lewis et al., 1993; Rico-Hesse et al., 1997; Trent et
al., 1983; Wang et al., 2000). A diverse range of strains
have been sampled, including some thought to be main-
tained purely in sylvatic (“jungle”) cycles, and classified
into clusters termed “genotypes” (Rico-Hesse, 1990). Al-
though some genotypes are found in multiple geograph-
ical localities, indicating that viral dispersal can be wide-
spread, others have more restricted distributions (Rico-
Hesse, 1990; Rico-Hesse et al., 1997, 1998). The factors
controlling these differing population structures are not
well understood, although it is possible that some geno-
types induce greater viremia and hence are more trans-
mittable and likely to result in epidemic dengue (Gubler
et al., 1981; Gubler, personal communication).
It has also been proposed that genotypes of DEN-2
differ in virulence. Most notably, a genotype currently
circulating in Latin America is thought to be of low
virulence as it is not associated with DHF/DSS (Leit-
meyer et al., 1999; Watts et al., 1999). If DHF/DSS can be
associated with strains of increased virulence, then theElsevier Science (USA)
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directed control of these strains through vaccination may
be preferential. Conversely, if DHF/DSS is more often
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caused by antibody-dependent enhancement (ADE), in
which the numbers of infected cells, and hence viral
loads, greatly increase during secondary infections due
to the assistance of antibodies from a heterologous se-
rotype that previously infected the patient (Halstead,
1988), then vaccination against a single serotype will
merely increase susceptibility to severe dengue disease.
It is also possible that ADE is responsible for the exis-
tence of four discrete dengue serotypes. In this scenario
natural selection favors viruses with the degree of anti-
genic dissimilarity which maximizes enhancement and
hence their mutual transmission (too similar strains
would be neutralized by cross-reactive antibodies, while
too divergent strains would not be able to enhance each
other). In sum, genetic variation has major implications
for dengue disease, so that understanding the evolution-
ary processes that shape this genetic diversity is of
fundamental importance.
Viet Nam is hyperendemic for dengue, with all four
serotypes circulating, although one or two serotypes
usually predominate at any one time. Since the first
virologically confirmed DHF outbreak in 1963 (Halstead
et al., 1965), the incidence of DHF/DSS has increased
dramatically; a recent (1998) epidemic in southern Viet
Nam resulted in 119,429 reported cases of DHF and 342
deaths (Ha et al., 2000). To date, the only phylogenetic
studies of DEN-2 in Viet Nam have utilized a small
fragment of the envelope/nonstructural gene 1 (E/NS1)
and suggested that Vietnamese strains from the late
1980s may be related to those that caused epidemics of
DHF/DSS in the Americas and Caribbean at this time
(Rico-Hesse et al., 1997).
In this study we performed molecular evolutionary
analyses of DEN-2 genetic diversity both in Viet Nam and
on a global scale. Our aim was to determine the evolu-
tionary processes shaping DEN-2 virus populations, par-
ticularly whether the differing disease associations and
geographical distributions exhibited by DEN-2 geno-
types have an adaptive basis. Although virulence deter-
minants are likely to be found in a variety of genomic
locations, we concentrated on E gene sequences as the
envelope protein is a key target of the host immune
response (Innis et al., 1989; Mandl et al., 1989) and hence
is likely to provide an important insight into the evolu-
tionary interaction between virus and host. Furthermore,
a large database of E gene sequences is available for
comparative analysis, including those from sylvatic
strains.
RESULTS
Two hundred thirty-eight samples from Vietnamese
patients with ELISA-confirmed dengue infection were
tested for the presence of dengue virus on the admission
serum sample. Ninety-four serum samples were screened
for DEN-2 only, and the remaining 144 were tested for all
four serotypes. For those cases where PCR tests were
positive, 2 were DEN-1 (3%), 41 were DEN-2 (64%), 20
were DEN-3 (31%), and 2 were DEN-4 (3%). One patient
had a dual DEN-1 and DEN-3 infection. For southern Viet
Nam as a whole, DEN-2 was the most frequent serotype
isolated during 1997, whereas DEN-3 dominated during
the major dengue epidemic of 1998 (Ha et al., 2000).
Phylogenetic relationships and genotypes
of DEN-2 virus
The maximum-likelihood (ML) tree for 147 DEN-2 E
gene sequences, including those from Viet Nam and a
variety of other localities in the tropical/subtropical world
determined here, reveals considerable genetic diversity
(Fig. 1). In particular, the tree shows the characteristic
clustering into distinct groups, with a fundamental divi-
sion between the sylvatic (monkey or sylvatic mosquito)
strains from Asia and West Africa and the remaining
viruses isolated from either humans or A. aegypti mos-
quitoes, sometimes referred to as “endemic/epidemic”
viruses (Wang et al., 2000). The nonsylvatic DEN-2
strains clearly fall into a number of distinct clusters
defined by relatively long branches and high bootstrap
values, which may be thought of as “genotypes.”
With our larger sample of viruses it is possible to
refine earlier genotypic classifications of DEN-2 virus.
The “American” genotype, as described previously (Rico-
Hesse, 1990; Rico-Hesse et al., 1997), consists of re-
cently sampled strains from Latin America and older
isolates collected from India, the Caribbean, and the
Pacific Islands from the 1950s to the 1970s. We also
recognize a “Cosmopolitan” genotype, so named be-
cause of its wide geographical distribution which in-
cludes Australia, the Pacific islands, Southeast Asia, the
Indian subcontinent and islands of the Indian Ocean, the
Middle East, and both East and West Africa. More re-
cently viruses of this genotype have also been isolated
from Mexico (Dı´az et al., in press), confirming its near
global spread. We propose that this genotype should
replace the older “Sri Lanka” genotype or “genotype IV”
constructed from smaller samples of viruses (Lewis et
al., 1993; Rico-Hesse, 1990). Unlike previous studies of
DEN-2, we identify two Asian genotypes, with isolates
from Thailand and Malaysia constituting “Asian genotype
1” and strains from China, the Philippines, Sri Lanka,
Taiwan, and Viet Nam as well as the New Guinea C type
strain making up “Asian genotype 2.” Although there is a
clear phylogenetic partition within this second Asian
genotype, with a separation of the viruses resembling
the archaic New Guinea C strain, including many from
Viet Nam, from the remaining isolates, most of which are
of Filipino origin, there is still relatively strong bootstrap
support for the existence of this genotype as a whole. In
addition, we identify an “American/Asian” genotype,
which incorporates Thai and Vietnamese strains as well
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FIG. 1. Maximum-likelihood phylogenetic tree of envelope gene sequences from 147 strains of DEN-2 virus. Viruses are listed by strain name and
genotypes are indicated. The tree is rooted by the sylvatic DEN-2 strains (shown in other studies to represent outgroups; Wang et al., 2000) and all
horizontal branch lengths are drawn to scale. Bootstrap values are shown for key nodes only.
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as isolates sampled from Latin America and the Carib-
bean over the past 20 years (Uzcategui et al., 2001).
Finally, two early sampled Asian strains, 16681 and Th-
36, are divergent and cannot be unambiguously as-
signed to a specific genotype. The five human genotypes
so defined differ by an average of 7.3% (range 5.9–9.5%)
at the nucleotide sequence level (uncorrected genetic
distance), with a mean intragenotype distance of 2.6%
(range 0–6.9%).
The Vietnamese strains fall into two genotypes (Fig. 1),
thereby revealing considerable genetic diversity of
DEN-2 in southern Viet Nam. Both groups are also
clearly related to earlier isolates sampled from China.
Those in Asian genotype 2 cluster with strains China 43
and China 44, isolated in 1987 and 1989, respectively
(Z. J. Hu and W. Zhao, both direct submissions to Gen-
Bank), while those in the American/Asian genotype are
closely related to strain China 04, sampled in 1985 (J.
Yang, GenBank direct submission). That the Chinese
strains fall deeper on the phylogenetic tree and were
isolated from the Guangxi and Hainan provinces close to
the Vietnamese border suggests that the ancestry of the
Vietnamese DEN-2 viruses lies in China. Finally, there
was no evidence that the two genotypes circulating in
Viet Nam differed in virulence as both were associated
with DHF/DSS.
The presence of multiple genotypes in single popula-
tions is a common occurrence in DEN-2, being docu-
mented in China, Thailand, Malaysia, the Americas and
Caribbean, Sri Lanka, and the Pacific Islands, as well as
Viet Nam. Consequently, frequent viral traffic among di-
verse geographical regions must be commonplace. Fur-
ther, in many cases these differing genotypes are con-
temporaneous, indicating that different genotypes cocir-
culate in single populations, thereby providing the
opportunity for intraserotypic recombination (Holmes et
al., 1999; Tolou et al., 2001; Uzcategui et al., 2001;
Worobey et al., 1999). More striking is that some geno-
types occupy more dispersed geographical locations
than others, with the Cosmopolitan genotype having a
near global distribution and two others entirely restricted
to Southeast Asia.
The phylogenetic relationships among the different
genotypes are harder to determine, with weak bootstrap
support for all intergenotype nodes (although high boot-
strap values are obviously central to our genotype defi-
nition). Most previous phylogenies of DEN-2 have de-
picted viruses of the American genotype as the most
divergent human strains (Leitmeyer et al., 1999; Lewis et
al., 1993; Rico-Hesse, 1990; Rico-Hesse et al., 1997, 1998;
Thant et al., 1995). In contrast, in our ML phylogeny a
variety of Asian strains are the first human viruses to
diverge—isolates 16681 and Th-36, followed by viruses
of Asian genotype 1. To determine the support for these
competing interpretations of DEN-2 evolutionary history
we compared the likelihood of our ML tree to a topology
in which the American genotype viruses were the first to
diverge but where all other branching patterns remained
the same as in the ML tree. The difference in likelihood
between these trees was minimal (2.684) and clearly not
significant (P  0.500 under a Shimodaira and Hase-
gawa (S–H) test; Shimodaira and Hasegawa (1999)), in-
dicating that the early evolutionary history of DEN-2
cannot be resolved on these data. A similar result was
obtained when comparing trees constructed on first- and
second-codon positions only, with third positions re-
moved to reduce the possibility of multiple substitution
(data not shown).
Selection pressures in DEN-2 virus
To determine whether DEN-2 genotypes differ in se-
lection pressure, which might be associated with differ-
ences in virulence and dispersal patterns, we analyzed
the ratio of nonsynonymous (dN) to synonymous (dS)
substitutions per site in the E gene using a maximum-
likelihood approach (Yang et al., 2000). In general, this
analysis revealed that the E glycoprotein of DEN-2 is
subject to relatively strong selective constraints, as
dN/dS ratios for most codons and lineages were very low
(Table 1). However, there was some evidence for positive
selection in two genotypes. In the Cosmopolitan geno-
type, two models of codon evolution that allow for adap-
tive evolution (M3 and M8) detected positive selection at
a small number of codons (0.4–0.7% of all codon posi-
tions), with dN/dS ratios of 3.493 and 2.045 in M3 and M8,
respectively. Although both M3 and M8 were not signif-
icantly favored over competing “neutral” models, this was
marginal in the M7–M8 comparison (P  0.071), sug-
TABLE 1
Numbers of Nonsynonymous (dN) and Synonymous (dS) Substitu-
tions per Site for Different Genotypes and Sylvatic Strains of DEN-2
Virus
Genotype
No. of
sequences
dN/dS on branch
leading to genotype
Max. dN/dS within
genotypea
American 10 0.046 0.393
American/Asian 29 0.069 0.258
Asian 1b 51 0.027 0.525
Asian 2
All 23 0.0001 3.240
“Philippines” 12 0.043 3.933
“Viet Nam” 11 0.056 0.406
Cosmopolitan 28 0.190 3.493
Sylvatic 4 0.031c 0.124
a Corresponds to the highest dN/dS value seen in the M3 model of
codon evolution which often provides the best evidence for positive
selection (Yang et al., 2000).
b Excluding strains 16681 and TH-36 which fall into no clear-cut
genotype.
c Taken as the lineage leading from the sylvatic strains to 16681, the
most divergent human virus in the ML phylogeny.
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gesting that the signal for positive selection may be real
(P  0.179 for M2 versus M3; full results available from
the authors on request). Under M3, three amino acid
positions fell into the positively selected class at the 95%
significance level—sites E-52, E-129, and E-390—while
in M8 only E-390 was identified as positively selected.
Hence, E-390 is the amino acid site most likely to be
under positive selection in the Cosmopolitan genotype.
The Cosmopolitan genotype is also notable because
six amino acid replacements have occurred on the
branch leading to this genotype: 71Glu3 Ala, 129Ile3 Val,
149His3 Asn, 164Ile3 Val, 390Asn3 Ser and 462Ile3 Val.
Although our maximum-likelihood analysis provided no
evidence for positive selection along this branch, or any
indeed on lineage in the DEN-2 phylogeny, its dN/dS ratio
of 0.190 was higher than the mean dN/dS value across all
branches of the phylogeny (dN/dS  0.074), significantly
greater than the mean dN/dS among internal branches of
the tree (dN/dS  0.039, P  0.038 under a 
2 test with
one degree of freedom and the observed and expected
values generated using dN and dS multiplied by the
number of sites in each class) and marginally so when
compared to the mean of the other human genotypes
(mean dN/dS  0.045, P  0.065; Table 1). Similarly low
dN/dS ratios were observed when all branches falling
either within (mean dN/dS  0.077) or among (mean
dN/dS  0.061) genotypes were analyzed separately.
Overall these results indicate that the dN/dS ratio on the
branch leading to the Cosmopolitan genotype is elevated
above the normally low values seen elsewhere in the
DEN-2 phylogeny. This elevation is compatible with the
action of localized positive selection (Sharp, 1997), es-
pecially given the functional importance of the amino
acid replacements (see Discussion).
There was also evidence for positive selection in
Asian genotype 2. Again, both M3 and M8 assigned a
small number of codons to a positively selected class
(dN/dS  3.240 and 3.700, respectively), although nei-
ther model was significantly favored over a neutral coun-
terpart (P  0.219 and P  0.214 for M3–M2 and
M7–M8, respectively). However, when the two clades in
this genotype were analyzed separately, viruses from the
mainly Filipino group were found to contain 17 positively
selected sites (amino acid positions 52, 85, 90, 98, 100,
105, 112, 113, 122, 131, 144, 170, 330, 334, 342, 378, and
392) under both M3 and M8 (dN/dS  3.933 in both
models), which were now strongly favored over all com-
peting models (P  0.01 in all cases) (Twiddy et al., in
press). In contrast, no evidence for positive selection
was found in the second group of mainly Vietnamese
viruses. Unlike the Cosmopolitan genotype, the branches
leading to the Asian genotype 2 as a whole, or to the
Philippines and Viet Nam groups separately, did not have
anomalously high dN/dS values. Finally, there was no
evidence for positive selection within the American ge-
notype, nor on the branch leading to this genotype, and
the dN/dS values associated with the sylvatic strains
were of the same magnitude as those seen in the human
viruses, thereby providing no evidence of adaptive evo-
lution in the E gene coinciding with the emergence of
DEN-2 in humans.
DISCUSSION
Origin and evolutionary history of DEN-2 virus
Although descriptions of global genetic diversity in
DEN-2 are likely to change with increased sampling,
phylogenetic studies consistently show well-defined
clusters of sequences. These were first noticed in oligo-
nucleotide fingerprinting studies and christened “topo-
types” (Trent et al., 1983). The idea was extended by
Rico-Hesse (1990), who defined a genotype as “a group
of dengue viruses having no more than 6% sequence
divergence over the chosen interval” and many subse-
quent studies of dengue have classified viral genetic
variation into genotypes, some of them using this infor-
mation to track strain movement. Although there is
clearly an arbitrary element to genotype definitions, par-
ticularly if they are based on single-gene studies, if they
use percentage divergences, and if recombination is
relatively frequent, a common theme has been the gen-
eral division into sylvatic, American, and Asian geno-
types. Our study, which uses a much larger collection of
DEN-2 E genes, reveals a more complex pattern of
global genetic variation. Specifically, although there are
discrete phylogenetic clusters that can be thought of as
genotypes, these have varying geographical distribu-
tions.
More uncertainty surrounds the phylogenetic relation-
ships among the genotypes. The historical pattern most
commonly depicted in DEN-2 phylogenies is that the
American genotype is the first to diverge after the sylvatic
strains. In contrast, our maximum-likelihood tree shows
that the American genotype is a more recent offshoot,
with Asian strains the first to emerge. However, these
two hypotheses have very similar likelihoods and hence
cannot be distinguished on E gene sequence data alone.
Whether this lack of resolution is due to the rapid global
spread of DEN-2 over the past century, incomplete sam-
pling and lineage extinction, or even ancient recombina-
tion events that are difficult to detect with current meth-
odologies remains to be determined.
Despite the uncertainty in the phylogenetic analysis,
the early appearance of Asian strains seems to fit better
with epidemiological data. In particular, many of the
earliest sampled DEN-2 viruses are of Asian origin, such
as the New Guinea C strain (isolated in 1944). Early
Asian strains are also observed in the other dengue
serotypes, and sylvatic viruses are found in Asian pri-
mates (Wang et al., 2000; Wolfe et al., 2001). Dengue also
has a particularly high prevalence in Southeast Asia,
with the first large-scale epidemics of DHF/DSS occur-
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ring in this region (reviewed in Gubler, 1998), implying
that the virus has been endemic here for a substantial
period of time. All these factors suggest that Asia repre-
sents a basal gene pool for dengue in general. In this
case, the long branch separating the American genotype
from the other DEN-2 genotypes on our ML phylogeny
must be explained by an elevated rate of nucleotide
substitution. It is possible that viruses of the American
genotype initially circulated in small populations, which
might have increased the fixation rate of slightly delete-
rious mutations, or that adaptation to regional vector
populations has accelerated substitution rates. However,
we found no evidence that selection pressures have
changed in the E gene on the lineage leading to the
American genotype, so the underlying causes of any rate
acceleration remain uncertain.
Genotypes of DEN-2 differ in selection pressure
A central question in current dengue research is
whether viral genotypes differ in important phenotypic
features, such as virulence and transmittability (Holmes
and Burch, 2000). To date, the most important observa-
tion in this respect is that viruses from the American
genotype are seemingly not associated with severe den-
gue disease, implying that this genotype may possess
intrinsically low virulence (Leitmeyer et al., 1999). As
such, it might be expected that the American genotype is
subject to different selection pressures than other DEN-2
genotypes. However, our analysis revealed that selection
pressures in American genotype viruses are similar to
those seen in genotypes associated with DHF/DSS, in-
cluding the American/Asian genotype found in the same
geographic region, and overall we observed no associ-
ation between selection pressure (dN/dS) in the E gene
and proposed viral virulence.
The low ratios of nonsynonymous to synonymous sub-
stitution revealed in most comparisons indicate that den-
gue populations in nature are generally subject to strong
selective constraints (Yang et al., 2000; Zanotto et al.,
1996). Such constraints could be particularly forceful in
vector-borne viruses that need to replicate in both verte-
brate and invertebrate hosts, and significantly lower
rates of nucleotide substitution have been observed in
vector-borne compared to other RNA viruses (Jenkins et
al., 2002). However, the evidence from experimental
studies of vector-borne RNA viruses is uncertain, with
some supporting (Weaver et al., 1999) and others reject-
ing (Novella et al., 1999) their constrained evolution.
Amino acid sequence variation might also be limited in
dengue populations if immune selection is only a weak
force, although the observation that many of the putative
sites of positive selection identified here were associ-
ated with B- and T-cell epitopes argues against this (see
below). Marked population bottlenecks, such as those
that might occur during transmission between host and
vector and if mosquito populations fluctuate greatly in
size, could also limit the power of natural selection.
Whatever the cause, the lack of widespread positive
selection argues against ADE-mediated selection being
responsible for the separation of dengue into four dis-
crete serotypes, as this would be expected to exert
continual (or cyclical) selection pressures. Consequently,
dengue serotypes most likely arose through an initial
allopatric separation, followed by later recontact (due to
the increasing movement of infected hosts and vectors in
the past 50 years) at the point when the antigenic differ-
ences between the serotypes were by chance at a level
which facilitated immune enhancement.
Despite the constraints acting on the E gene of DEN-2,
there was some evidence for positive selection in the
Cosmopolitan genotype and in a group of viruses from
Asian genotype 2. In the latter, 17 amino acid positions
were found to be subject to positive selection, all of
which fell into regions of the E protein which contain
either B- or T-cell epitopes or which may be involved in
determining cell tropism or virus-mediated membrane
fusion (Aaskov et al., 1989; Innis et al., 1989; Leclerc et
al., 1993; Megret et al., 1992; Rey et al., 1995; Roehrig et
al., 1994; more details of these changes are given in
Twiddy et al., in press).
Of more interest is the Cosmopolitan genotype, which
is represented by viruses sampled from a diverse range
of geographical localities and which has been associ-
ated with DHF/DSS (Gubler, personal communication).
Under the analytical methods used here, the best evi-
dence for positive selection in this genotype was at
E-390. Changes at this site have previously been high-
lighted as possible virulence determinants in American
genotype viruses (substitution Asn 3 Asp; Leitmeyer et
al., 1999). Within the Cosmopolitan genotype, the majority
(21/28) of strains have a Ser residue at E-390, with the
remaining 7 strains reverting to the ancestral Asn resi-
due, which is also seen in the sylvatic viruses. E-390
maps to the distal face of domain III of the E glycoprotein,
a region thought to be involved in attachment to host cell
receptors, and substitutions at this site have been shown
to alter virulence in mice (Sanchez and Ruiz, 1996). Mu-
tations at E-390 could therefore plausibly affect both
virulence and cellular tropism. Furthermore, the five
amino acid replacements other than 390Asn 3 Ser that
have occurred on the branch leading to the Cosmopoli-
tan genotype are all located within predicted or demon-
strated B-cell epitopes (Aaskov et al., 1989; Innis et al.,
1989; Leclerc et al., 1993), with E-71 also implicated in
controlling neurovirulence in mice (Bray et al., 1998) and
E-129 in part responsible for a low-pH conformational
change which exposes the fusion peptide on the virion
surface (Roehrig et al., 1994). The combined effect of
these amino acid replacements on the fitness of the
Cosmopolitan genotype is unclear, but clearly merits
further study.
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It is also noteworthy that the branch separating the
sylvatic and human DEN-2 viruses was not associated
with positive selection, or even a change in selection
pressures, in the E gene. At face value this implies that
DEN-2 did not undergo a period of extensive adaptive
evolution when changing transmission cycles and hence
that the emergence of dengue in humans was more due
to permissive ecological conditions than natural selec-
tion. However, data from other genes are clearly needed
to confirm this and it is impossible to rule out the action
of localized positive selection that has been masked by
later synonymous substitutions. As a case in point, site
E-113, which was found to be selected in Asian genotype
2, was also identified by Wang et al. (2000) as one that
carried substitutions distinguishing human and sylvatic
viruses.
Long-term trends in the evolution of DEN-2 virus
As well as providing a more complete picture of viral
biodiversity, deciphering the phylogenetic history of
DEN-2 has important implications for understanding the
long-term evolution of virulence in this virus. Our phylo-
genetic analysis assists in this task, although sequence
data from more genes are an important future require-
ment.
If the American genotype is the first to diverge, then
the implication is that DEN-2 did not initially usually
cause DHF/DSS so that virulence has increased follow-
ing sustained transmission in humans (Fig. 2a). This is
consistent with the observation that sylvatic strains do
not appear to be virulent in nonhuman primates (Wang et
al., 2000). However, as virulence in dengue is sometimes
associated with high viral load (Vaughn et al., 2000),
which would also aid transmission, it might be expected
that a low-virulence genotype would eventually be out-
competed by more aggressive strains. In contrast, the
early appearance of Asian strains would mean that
DEN-2 has had high virulence for much of its time in
human populations and that the viruses of the American
genotype have secondarily evolved lower virulence (Fig.
2b). It is even possible that the American genotype has
evolved in such a way that it can maintain high levels of
transmission without severely compromising the health
of its human host. For example, during a 1995 epidemic
in Peru, when no cases of DHF or DSS were reported
despite thousands of DF cases, American genotype vi-
ruses infected over 86% of a study group of children, with
79% of these being secondary infections (Watts et al.,
1999). Hence, American genotype viruses may not be at
a competitive disadvantage compared to other DEN-2
genotypes.
Analyses similar to those performed here have been
undertaken on influenza A virus and revealed that strains
exhibiting high dN/dS values at key codon positions in
the hemagglutinin gene were those most likely to seed
future viral epidemics (Bush et al., 1999). Although the
selection pressures acting on dengue are evidently far
weaker than those affecting influenza A, the observation
that the Cosmopolitan genotype and some viruses from
Asian genotype 2 exhibit higher levels of nonsynony-
mous diversity than other DEN-2 genotypes suggests
that they are subject to increased selection pressure in
host, vector, or both. In light of the ever-increasing inci-
dence of DHF/DSS, we suggest that the future spread of
these genotypes in particular should be monitored care-
fully.
MATERIALS AND METHODS
Patient samples
The viruses sequenced in this study were obtained
from two sources. Those prefixed “CTD” were obtained
from serum samples taken on admission from patients
with a clinical diagnosis of dengue at the Centre for
FIG. 2. Schematic phylogenetic trees depicting different scenarios
for the evolution of virulence in DEN-2. (a) The conventional tree in
which the American genotype is the first human genotype to diverge;
(b) the maximum-likelihood tree presented here in which Asian lin-
eages appear first.
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Tropical Diseases, Ho Chi Minh City, Viet Nam, during
1997 and 1998. All but three patients had DHF Grade III
or IV as defined by the WHO criteria (WHO, 1997). No
clinical information was available in the other cases. The
second set of samples (prefixed “CAMR”) was obtained
from the Centre for Applied Microbiology Research (Por-
ton Down, Wiltshire, UK) and consisted of cell culture
supernatants from DEN-2 virus isolates collected from a
range of geographical locations, including Australia,
Southeast Asia (including Thailand), the Middle East,
and Africa in the time period 1991–1998. Although some
of these viruses were taken from patients with symptoms
compatible with severe dengue (such as thrombocyto-
penia and disseminated intravascular coagulation), con-
firmed clinical diagnoses of DHF/DSS were not avail-
able.
RNA extraction, RT-PCR, and sequencing
Viral RNA was extracted using the Promega RNAgents
Total RNA Isolation System (Promega Corp., Madison,
WI) according to the manufacturer’s protocol. Primers
were designed according to DEN-2 sequences pub-
lished in GenBank. cDNA was synthesized in a 30-l
reaction volume with Superscript II reverse transcriptase
(Invitrogen Corp., Carlsbad, CA) at 42°C for 1 h. Ninety-
four of the CTD samples were screened for DEN-2 only
in a single PCR. The remaining Vietnamese samples
were subjected to a nested PCR serotyping protocol
using the primers of Lanciotti et al. (1992). PCR products
were electrophoresed in 1% agarose and stained with
ethidium bromide. Vietnamese samples with the correct
size band for DEN-2 were identified and the E genes
from these samples and the CAMR isolates were ampli-
fied using a nested PCR protocol. The PCR products
were purified using the QiaQuick Spin Column method
(Qiagen Inc., Valencia, CA), according to the manufactur-
er’s protocol. Direct sequencing was carried out using
the Applied Biosystems ABI Prism automated DNA se-
quencing kit and ABI 377 automated sequencer accord-
ing to the manufacturer’s protocol.
Sequence analysis
Twenty-three and 12 complete DEN-2 E gene se-
quences were obtained from the Vietnamese and CAMR
isolates, respectively. These were combined with all
available E gene sequences from global isolates of
DEN-2 deposited in GenBank. Prior to analysis, all se-
quences with a possible history of recombination (iden-
tified as producing mosaic phylogenies) were removed,
including those identified in other studies, as were iso-
lates that were very closely related to another in the data
set and hence which added little evolutionary informa-
tion. Such “pruning” of taxa has previously been shown to
have little effect on the detection of positive selection
(Yang, 1998). This resulted in a total DEN-2 data set for
phylogenetic analysis of 147 sequences, 1485 bp in
length. A full list of the sequences analyzed, along with
associated epidemiological information, is available at
http://evolve.zoo.ox.ac.uk.
The model of nucleotide substitution that best de-
scribed DEN-2 sequence evolution was identified using
the program Modeltest 3.0 (Posada and Crandall, 1998).
The most complex GTR  I   substitution model was
found to be the best fit to the data. The parameter values
for this model were as follows: relative substitution rates
among nucleotides (GTR) of A 7 C  1.048, A 7 G 
7.809, A 7 T  1.831, C 7 G  0.932, C 7 T  24.490,
G 7 T  1; proportion of invariable sites (I) of 0.451;
gamma distribution of among-site rate variation () of
1.305; estimated base composition of A  0.346, C 
0.215, G  0.242, T  0.197. A ML tree using these
parameter settings was estimated using the PAUP*
package (Swofford, 2000), utilizing successive rounds of
TBR branch-swapping, finding the ML parameter set-
tings at each stage. To assess phylogenetic robustness,
bootstrap resampling was undertaken using 1000 repli-
cate neighbor-joining trees reconstructed under the ML
substitution model. Using phylogenetic information de-
rived from studies of all four dengue serotypes (Wang et
al., 2000), the tree was rooted with the four sylvatic
strains.
To analyze selection pressures in DEN-2, the
CODEML program from the PAML package was em-
ployed (Yang, 1997). This implements a maximum-likeli-
hood method that compares various models of codon
evolution which differ in how they treat rates of synony-
mous (dS) and nonsynonymous (dN) substitution (ratio
dN/dS, also denoted ) among codons or along lineages
using likelihood ratio tests (Yang et al., 2000). The
method represents a major advance over simpler pair-
wise analyses because it uses the model of nucleotide
substitution that best fits the data in hand (as defined
above), takes into account the phylogenetic relationships
of the sequences in question, so that all comparisons are
independent, and can detect positive selection at small
numbers of codons when pairwise methods fail to do so
(Zanotto et al., 1999).
Some models of codon evolution (denoted M2, M3,
and M8) allow for positive selection in that they can
incorporate classes of codons where dN  dS, while
other models (denoted M0, M1, and M7) specify neutral
evolution as dN is constrained to be less than dS at all
codons. We used comparisons between two sets of
models to test for positive selection. The first involved
models M2 and M3. M2 assumes that codons are invari-
ant (dN/dS  0), are neutral (dN/dS  1), or have a
floating dN/dS ratio estimated from data, while the M3
model assumes that codons can have one of three dif-
ferent dN/dS ratios estimated from data, any of which
may be 1. The second test utilized models M7 and M8.
M7 uses a discrete beta distribution (with 10 classes) to
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model dN/dS ratios among codons and assumes that no
codons have dN/dS  1, while M8 also uses a beta
distribution but incorporates an extra (11th) class of
codons at which a floating dN/dS ratio can be1. If either
M3 or M8 or both are statistically favored over M2 and
M8 and depict some codons with dN/dS  1, then we
may infer that positive selection has occurred. To exam-
ine selection pressures on each branch we used the free
ratio model. This allows each branch of the tree to have
a different dN/dS ratio and can be compared with the M0
model where each branch is assumed to have the same
dN/dS ratio. If positive selection is found in any compar-
ison, Bayesian methods can be used to identify the
individual codons that have been subject to this process.
Because of the very large number of DEN-2 se-
quences available and the computational complexity of
the ML method, the analysis of selection pressures was
run on (i) sequences from each viral genotype (and
sylvatic strains) separately and (ii) a sample of 58 se-
quences representative of the full genetic diversity
among the nonsylvatic strains of DEN-2 virus.
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